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Abstract The structure of cellulose, especially the mi¬ 
crofibril angles (MFAs), in compression wood of Norway 
spruce [Picea abies (L.) Karst.] was studied by wide- and 
small-angle X-ray scattering and polarizing microscopy. On 
the basis of the X-ray scattering experiments the average 
MFAs of the cell wall layers S 2 and S of the studied sample 
are 39° and 89°, respectively; and the average diameter and 
length of the cellulose crystallites are 2.9 and 20.0nm, re¬ 
spectively. The average of the whole MFA distribution is 
shown to agree with the one obtained by polarizing micros¬ 
copy of macerated fibers. 
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Introduction 

The microfibril angle (MFA) is an important property of 
wood cells (tracheids). MFA is a quantity that represents 
the orientation of cellulose in the cell wall along the stem 
axis. Fligh MFAs of the S 2 layer result in low stiffness and 
increased longitudinal shrinkage of wood. The latter is re¬ 
ported to increase drastically when the microfibril angle 
exceeds about 40°. 1 On the other hand, stiffness of the cell 
wall increases fivefold as the MFA decreases from about 40° 
to 10°. 2 Thus, a high MFA of wood is a highly undesirable 
property. To produce high-quality timber it is important to 
know the relations between wood properties and dimen- 
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sional changes (i.e., the variation of MFA and its effect on 
the shrinkage of wood). 

Conventional techniques such as viewing pit angle aper¬ 
tures and polarizing microscopy have been used for measur¬ 
ing microfibril angles. 3,4 However, only a limited number 
of points (pits) can be measured with those methods. To 
obtain statistically better results X-ray scattering methods 
have been used. A piece of wood makes an ideal sample, 
and thus the result is an average of the order of 10000 
tracheids. X-ray scattering methods are also advantageous 
for determining MFAs because they are quite fast even with 
a conventional X-ray tube and without an area detector. 
Furthermore, little sample preparation is needed compared 
to that required for microscopic methods. 

The average MFAs of all wood cell wall layers can be 
determined simultaneously by means of wide-angle X-ray 
scattering (WAXS). 5-9 However, interpretation of the 
results requires expertise. Data analysis methods have 
recently been advanced, especially by Cave. 10 

A small-angle X-ray scattering (SAXS) method has also 
been used for determination of MFAs (e.g., by Wardrop 11 
and Kantola et al. 12 ' 14 and recently by the research group of 
Fratzl 15-17 ). The results indicate that the SAXS intensity 
pattern includes one range where scattering from voids 
dominates and another range where the scattering arises 
from the electron density contrast between crystalline cellu¬ 
lose and surrounding material. The size of the cellulose 
crystallites has also been estimated from SAXS data. 151819 

In this work compression wood of Norway spruce [Picea 
abies (L.) Karst.] was studied by means of WAXS, SAXS, 
and polarizing microscopy. The main aim was to determine 
the average MFAs of the individual cell wall layers. A 
sample of compression wood was chosen because the MFAs 
of the cell wall layers were expected to be large (Fig. 1) and 
thus easy to determine optically owing to the visible cavities 
in the cell wall. The cross sections of the cells of compres¬ 
sion wood are circular, and the cell wall contains both S 2 and 
S, layers but not an S 3 layer. 20 

The WAXS experiments for determining the distribu¬ 
tion of MFAs were done using both the reflections 004 and 
200 21 to obtain information on both the MFAs and the 



344 



Fig. 1. Compression wood tracheids of Norway spruce photographed 
with a polarizing microscope. The visible cavities in the cell wall show 
the orientation of cellulose (ca. 44°) in the S 2 layer of the cell wall X700 


shape of the cell cross section. 10 It was shown that the aver¬ 
age MFAs of layers S 2 and can be determined by curve 
fitting from both WAXS and SAXS data. The average size 
of the cellulose crystallites was also determined by WAXS 
and SAXS. The average of the whole MFA distribution was 
shown to agree with the one obtained by polarizing micros¬ 
copy of macerated fibers. 


Experimental 

Wide-angle X-ray scattering 

The geometry of the WAXS measurement is shown in Fig. 
2. A diffractometer was used in a symmetrical transmission 
mode. Measurements are performed with CuK a , radiation 
(2 = 1.541 A) selected by a ground and bent quartz mono¬ 
chromator (reflection 1011). The sealed Cu anode X-ray 
tube (line focus) was powered by a Siemens Kristalloflex 
710 generator (40kV, 28mA). The scattered photons were 
detected by a Nal (Tl) scintillation counter. The dif¬ 
fractometer is controlled by a microcomputer, in which X- 
ray diffraction software SPEC was used. The sample 1.0 mm 



Fig. 2. Geometry of wide-angle X-ray scattering (WAXS) 
measurement 


Table 1. Angles between the planes and plane 004 for reflections that 
have almost the same scattering angle (29) as the reflection 004- 


hkl 

29 (degrees) 

Angle (degrees) 

300 

33.83 

90 

222 

34.22 

59.63 

310 

34.24 

90 

203 

34.39 

41.00 

004 

34.62 

0 

131 

34.77 

75.59 

301 

34.95 

75.66 

123 

35.05 

42.18 


in thickness was prepared from compression wood of Nor¬ 
way spruce. The sample containing only earlywood was cut 
in the tangential direction. 

For MFA measurements the divergence slit was circular 
(diameter 2.0 mm) and the receiving slits rectangular (width 
0.6 mm, height 6.0 mm). The vertical divergence was 2.2° 
and the radius of the goniometer 180mm. The detector was 
fixed to the reflection position. The sample was then rotated 
around its normal axis, and intensity was measured as a 
function of the angle 0 (Fig. 2). A measuring time of 120s 
was used for each angular step of 1.6°, the total measuring 
time being 7.5 h. 

Reflections 200 and 004 21 were used for the MFA mea¬ 
surement, and information on both MFAs and the cell cross 
section were obtained by this means. 10 Theoretically, the 
MFA distribution can be measured directly using the reflec¬ 
tion 004, but in practice the experimental distribution is 
contaminated by scattered intensity from nearby lattice 
planes (Table 1). The reflection 200 is well separated, but 
the intensity curve gives information on both the MFA 
distribution and the shape of the cell cross section. Only for 
cells with rectangular cross sections do both reflections 200 
and 004 give identical results at an angle <j> smaller than 40°, 
where the contribution of the other reflections is 
negligible. 6 ' 10 

For determination of average sizes of crystallites, the 
divergence and receiving slits are both rectangular (width 
0.6mm and height 6.0mm, width 0.05mm and height 
6.0mm, respectively). The diffraction pattern wasmeasured 
at an angular range from 29 = 10°-40° with steps of 0.06° 
and a measuring time of 60s for each step. 
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Fig. 3. Geometry of small-angle X-ray scattering (SAXS) 
measurement 


Small-angle X-ray scattering 

The geometry of the SAXS measurement is shown in Fig. 3. 
CuK a radiation was monochromatized by means of the 
combined action of a Ni filter and a totally reflecting mirror 
(Huber small-angle chamber 701). The sealed Cu anode 
fine focus X-ray tube was powered by a Siemens 
Kristalloflex 710H (36kV, 25mA). The scattered radiation 
was detected by a linear one-dimensional position-sensitive 
proportional counter (MBraun OED-50M) combined with 
a multichannel analyzer. The data collection was controlled 
by a microcomputer, in which X-ray diffraction software 
SPEC was used. 

The data were measured in two parts using camera 
lengths of 151 and 1165 mm. The anode was placed in point 
focusing geometry, and the beam was collimated with slits 
into narrow but, for the present purpose, point-like profile 
measuring 0.1 X 2.0 mm for the short camera and 0.8 X 
4.0 mm for the long camera length. 

The only moving part in this setup is the sample, which 
rotates around its normal position. The sample was the 
one used for the WAXS measurement. The intensity of 
scattered X-rays is measured as a function of the rota¬ 
tion angle <fi (Fig. 3) and the magnitude of the scattering 
vector 

k = (4zr/A) sini9 (1) 

where 6 is half of the scattering angle, and X is the wave¬ 
length of CuK a . A measuring time of 150 s was used for each 
step of angle <p of 1.6°, the total measuring time being 9.3 h. 
Additionally, intensity curves at (j> = 0°, 45°, and 90° were 
measured with a good statistical precision using a measuring 
time of 1.0 h. 

Polarizing microscopy 

Macerated fibers were prepared from the parallel samples 
using glacial acetic acid/hydrogen peroxide (1:1, v/v) at 
60°C overnight. 22 Individual fibers were spread over a 
microscope slide, and the MFAs were determined by po¬ 
larizing microscopy. A single cell wall layer was observed 
through the pit pores as described by Leney 3 and 
Donaldson. 4 The angular range was from 2° to 90°, and 
angles larger than 44° were determined using a half-wave 
plate. 



Fig. 4. WAXS results. The 004 distribution consists of two clearly 
separated peaks, and the 200 distribution is broad but has a clear 
contribution at zero degrees (the compression wood of Norway spruce) 


Results 

The WAXS results of the MFA measurements are shown in 
Fig. 4. The intensity curves of reflections 200 and 004 mea¬ 
sured as a function of the angle <f> are not identical, indicat¬ 
ing that the cross sections of the cells are not rectangular. 
The two curves had maxima at about ±40° and ±90°, re¬ 
spectively, which may have arisen from the MFA distribu¬ 
tions of the cell wall layers S 2 and S,. 

The differences of the intensity curves can be explained 
by the circular cross sections of the tracheids of compres¬ 
sion wood (which affect the intensity of reflection 200) and 
the contributions of the reflection hk3 and hkO (which affect 
the intensity of reflection 004). Because the largest maxi¬ 
mum of the measured intensity curve (Fig. 4) is at about </> 
= ±40° and the angle between planes 004 and hk3 is about 
40°-45° (Table 1), scattering from plane hkl is largest at <j) 
values of about ±80°. The angle between planes 004 and 
hkO is about 90°, therefore scattering from these planes is 
largest at about 0 = ±50°. 

The MFA distributions of both cell wall layers S 2 and S, 
are assumed to be Gaussian functions, and a sum of two 
pairs of Gaussians were fit to the 004 data. In the case of 
reflection 200 the circular shape of the cross section of the 
cells was taken into account according to Cave. 10 The agree¬ 
ment between the calculated and the measured intensity 
curves was good for both reflections 200 and 004. The 
obtained average MFAs are also nearly equal: The mean 
MFA of the S 2 layer from the 004 data is 39°, and that from 
the 200 data is 37°. The mean MFA of the S 2 layer is 89° 
when using reflection 004 and 88° when using reflection 200. 
The accuracy of the determination of MFAs was estimated 
to be ±2°. 

The number of determinations by optical microscopy 
was too small to obtain the shape of the MFA distribution 
reliably, and only the average of the MFA distribution was 
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calculated. To compare the X-ray results with those ob¬ 
tained with the optical method the angular average <0> 
was calculated from X-ray scattering data: 

90 ° 

J /(0)0d0 

(0) = -Sf- (2) 

j /(0)d0 

2 ° 

where f( 0) is the MFA distribution obtained as a sum of two 
Gaussian functions. The angular averages <0> are 47° and 
49° for reflections 004 and 200, respectively. Optical mea¬ 
surements gave an average MFA of 44°. 


Average sizes of crystallites by WAXS 


The average size of the crystallites / was estimated by means 
of the well-known Scherrer formula 


0.91 

Bco&6 


(3) 


where X is the wavelength of the radiation, 6 is half of the 
scattering angle, and B is the full width at half maximum 
(FWHM) of the reflection. The effect of the instrumental 
broadening on the width of the reflections was included by 
assuming that the shapes of both the reflection and the 
instrumental function are Gaussian, and the FWHM B was 
calculated using the formula 


B = (b 2 n - blf (4) 

where b n is the FWHM of reflection 200 or 004, and 6, is the 
instrumental broadening, which is estimated as an FWHM 
of a reflection of a sample with large crystallites. Here LiF 
was used. The widths of the reflections were obtained by 
fitting a calculated intensity curve to the experimental one. 
The reflections were presented as Gaussians, and an experi¬ 
mental intensity curve of ball-milled microcrystalline cellu¬ 
lose (Avicel) was used as the amorphous background. The 
determined average sizes of the crystallites are 29 ± 2 A 
from reflection 200 and 200 ± 10 A from reflection 004. 




In(k) 


Fig. 6. Experimental SAXS intensities for three orientations of the 
wood sample (k values are between 0,0044 Aand 0.030 A” 1 ) 


MFAs by SAXS 

Figures 5 and 6 present the SAXS intensities for three ori¬ 
entations of the wood sample corresponding the values of 
angle 0 0°, 45°, and 90°. The intensities are presented in 
logarithmic scale as a function of the magnitude of the 
scattering vector k. In Fig. 6 the k values are between 
0.0044 A -1 and 0.030 A A and in Fig. 5 they are between 
0.03 A -1 and 0.70A '. The SAXS intensity curve obeyed a 
power law I(k) k " when k was smaller than 0.04 A A 
Recently, Jakob et al. 23 have shown by wetting experiments 
on normal wood of Picea abies that scattering at k < 0.1 A -1 
arises mainly from pores. The same value of the power law 
exponent a (3.3) was obtained using a fitting range 0.004- 
0.02A -1 at 0 values of 45° and 90°. At 0 = 0° a slightly 


smaller value (3.1) was determined using a fitting range 
0.004-0.1 A A The exponent is typical for surface fractals 
and indicates that the pores have rough surfaces. 24 

At k from 0.1 to 0.6 A 1 the intensity curve is similar to 
that obtained by Jakob et al., 1118,23 which they concluded 
arose from cylindrical cellulose crystallites. However, the 
intensity curve of the compression wood sample does not 
contain any maximum at about 0.5 A -1 , which could be 
interpreted as the first side maximum of the intensity curve 
of a cylindrical particle. This difference may be explained by 
assuming that the size of the cellulose crystallites varies 
more than that in the normal wood sample of Norway 
spruce. 18 The SAXS intensity curve at 0. = 0° resembles 
closely those at 0 = 45° and 90°, which indicates that there 
are considerable amounts of cellulose crystallites parallel to 
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Fig. 7. Comparison of SAXS (thin line) and WAXS (thick line) results. 
For SAXS measurement k is between 0.08 A ' 1 and 0.23 A -1 


the fiber axis. This may explain also the minor maximum of 
the 004 data at <j> ~ 0° (Fig. 4). 

The WAXS and SAXS results of MFA measurements 
are compared in Fig. 7. When k is between 0.08 A 1 and 
0.23 A -1 the WAXS and SAXS results are nearly identical. 
At k values smaller than 0.08 A" 1 the SAXS data differ 
considerably from the WAXS data, demonstrating that at 
this range SAXS arises mainly from pores aligned parallel 
to the cell axis. At k values greater than 0.23 A' 1 the SAXS 
intensity is independent of the angle <j>. It is considered that 
the scattering arises mainly from the amorphous materials 
of wood such as lignin. In Fig. 8 integrated SAXS intensities 
are presented as a function of the angle <j>. The integration 
was carried out over three ranges of k: from 0.02 A -1 to 
0.05 A" 1 (“pore region”), from 0.08A' 1 to 0.23A" 1 (“crys¬ 
tallite region”), and from 0.23 A -1 to 0.40 A" 1 (“amorphous 
region”). 

The average radius of the cylindrical cellulose crystallites 
and its standard deviation were determined by fitting a 
model SAXS intensity curve to the experimental one mea¬ 
sured at angles <j> of 45° and 90°. The model included the 
power law term /T 3 ' 3 , the structure factor of cylindrical par¬ 
ticles with varying size and a polynomial of second degree. 
The polynomial of the second degree described the contri¬ 
butions of the intensity of the amorphous material in the 
sample and the first reflection 110 of crystalline cellulose. 

For simplicity, the cellulose crystallites were described 
as infinitely long cylinders. The structure factor by such a 
particle is proportional to 

(kRf 

where J 1 is the Bessel function of the first kind and of the 
first order, and R is the radius of the cylinder. 15,19 

We made fits using both normal 25 and uniform distribu¬ 
tions for determining the average radius of the crystallites 



Fig. 8. SAXS intensities integrated over k as a function of the angle 
0. The integration limits were 0.02... 0.05 A -1 for curve 1, 
0.08 ... 0.23 A -1 for curve 2, and 0.23 ... 0.40 A ' 1 for curve 3 


and its standard deviation. Fits were made separately to the 
SAXS intensity curves measured at rotation angles of 45° 
and 90°. The intensity at 45° arises mainly from crystallites 
of the S 2 layer and the intensity at 90° from crystallites of the 
S, layer. 

Good fitting results were obtained using these distribu¬ 
tions at both 45° and 90°. Both fits also gave about the same 
average radius of the crystallites (15 A) and the standard 
deviation (4A). The fact that the same results were ob¬ 
tained for both 45° and 90° intensity curves indicates that 
the size distribution of crystallites is about the same for S 2 
and S 2 layers. This result agrees well with the average diam¬ 
eter of the crystallites from reflection 200 determined from 
the WAXS intensity curve (29 A). 


Discussion 

The average MFA of all the layers of the cell wall deter¬ 
mined by WAXS was previously compared with those ob¬ 
tained by other methods by several authors, 26 " 29 and good 
agreement or correlation between the results was obtained. 
However, some of the determinations have not been 
independent because in the analysis of WAXS data other 
methods have been used to calibrate the angular range. In 
this study the X-ray scattering data have been analyzed 
independently, and the calculated average of the whole 
MFA distribution was found to be in agreement with the 
value determined by polarizing microscopy. Similar com¬ 
parisons are being made for normal wood of Norway 
spruce. 23 WAXS results were also in good agreement with 
SAXS results. Such good agreement between WAXS and 
SAXS results was previously obtained also by Lichtenegger 
etal. 16 

The MFAs of the S 2 and Sj layers of the compression 
wood sample were determined by both WAXS and SAXS. 
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Compression wood is a good example, because it has two 
thick cell walls with large, but clearly different, MFAs. In 
normal wood the S t and S 3 layers can be thin and contribute 
little to the measured intensity curve, which makes determi¬ 
nation of the MFAs of the individual cell wall layers 
difficult. 30 

The MFAs of compression wood vary considerably, de¬ 
pending, for instance, on growing conditions. 20 Thus results 
can be compared only roughly with those in the literature 
because the samples are different. Sahlberg et al. 29 recently 
obtained about 22° and Reiterer et al. 17 about 40° for MFA 
of the S 2 layer of a compression wood sample of Norway 
spruce, which is similar to the MFA of 39° (from reflection 
004) determined in this work. 

The use of both reflections 200 and 004 for WAXS mea¬ 
surements is recommended. Using reflection 004 alone, 
only small MFAs can be determined reliably because of the 
reflections of other nearby lattice planes. The use of reflec¬ 
tion 200 does not include this problem. However, informa¬ 
tion on the shape of the cell cross section is needed for 
analysis of the results. By comparing the 200 and 004 data 
the rectangular shape can be recognized directly. The as¬ 
sumption of circular shape can be tested by fitting a model 
to 200 data. The SAXS result is also influenced by the shape 
of the cross section of the cells, 14 and the MFA distribution 
and SAXS results cannot be analyzed without information 
on the shape of the cells. 

The average diameter of cellulose crystallites deter¬ 
mined from SAXS results (30 A) agreed well with the aver¬ 
age size of the crystallites determined from reflection 200 of 
the WAXS intensity curve (29 A). The successful fits with 
both normal and uniform distributions show that one can¬ 
not reliably determine the shape of the distribution of the 
diameters. The determined length of the crystallites was 
200 A. Both dimensions of the crystallites are larger than 
those obtained by Jakob et al. 18 for normal wood of Norway 
spruce of diameter 25 A and length 110 A. The thickness is 
about the same as observed for flax. 25 The difference be¬ 
tween their results and those in this study can be seen from 
the shapes of the SAXS intensity curves: The SAXS inten¬ 
sity in this study shifted to smaller values of k than that 
reported by Jakob et al. 18 which is in agreement with the 
larger particle size. 

In principle, information on the amount of the cellulose 
crystallites in the S z and S, layers is obtained by comparing 
the areas of the peaks of the MFA distribution. 7 On the 
basis of SAXS and the 200 data, the height of the S, peak is 
half that of the S 2 peak. The S, peak is lower and broader in 
the 004 data. This broadening is caused by scattering from 
the other lattice planes; thus in this case the 200 data are 
more reliable for estimating the amount of cellulose crystal¬ 
lites in the cell wall layers. 

Sometimes the fibrils of the outer cell wall (S,) are not as 
nicely parallel as those of the S 2 layer, and the electron 
density of the S 3 layer can be close to that of the surround¬ 
ing material. In such a case the Sj layer may not be seen by 
SAXS. One advantage of using WAXS of reflections 004 
and 200 and SAXS is that by comparing the results it is 
possible to obtain information also on the homogeneity and 


density of the cell wall layers. For the studied sample 
WAXS and SAXS results agreed with each other, indicating 
that the cellulose crystallites of both cell wall layers are well 
separated from the matrix. 


Conclusions 

The mean MFAs of different cell wall layers of compression 
wood were obtained simultaneously. It is advantageous to 
use both 200 and 004 reflections, because information on 
both the MFA distribution and the shape of the cross sec¬ 
tion of the cells is obtained. SAXS gives the same informa¬ 
tion as the WAXS experiment using reflection 200 and may 
additionally reveal differences in the average electron den¬ 
sities due to possibly by different degrees of crystallinity of 
cell wall layers. The average diameter of cellulose crystal¬ 
lites was determined from SAXS intensity curves, and the 
result agreed well with the average size of the crystallites 
determined by WAXS from reflection 200. No difference 
between the diameters of crystallites in S, and S 2 layers were 
observed. 
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